Cell differentiation and morphogenesis are tightly regulated during sporulation in the lower eukaryote Dictyostelium discoideum. The control of the cyclic adenosine monophosphate (cAMP)-dependent protein kinase (PKA) is essential to coordinate these processes. Several signal transduction pathways are being recognized that lead to the regulation of intracellular cAMP levels. However, very little is known about the events lying downstream of PKA that are essential to activate late gene expression and terminal differentiation of the spores. We have studied the relationship between PKA and the MADS-box transcription factor SrfA, essential for spore differentiation. Constitutive activation of PKA was not able to rescue sporulation in a strain that lacks srfA suggesting the possibility that srfA functions downstream of PKA in a signal transduction pathway leading to spore maturation. A distal promoter region regulates the induction of srfA expression in the prespore region during culmination. We found that this promoter can be induced precociously by activating PKA with 8-Br-cAMP suggesting a transcriptional regulation by PKA. Moreover, precocious sporulation and expression of the spore marker spiA in a strain that overexpresses PKA, correlates with a precocious induction of srfA expression. The temporal and spatial pattern of expression was also studied in a mutant strain lacking the main adenylyl cyclase that functions during culmination, ACR. This strain is expected to have lower PKA activity and consistently, the level of srfA expression was reduced. Moreover, the temporal induction of srfA in the prespore region was also delayed during culmination. Our results strongly suggest that PKA activation during culmination leads to the induction of the expression of srfA. The correct temporal and spatial pattern of srfA expression appears to be part of a mechanism that ensures the adequate coordination of gene expression and morphogenesis. q
Introduction
Cell differentiation during metazoa embryogenesis often involves induction of cell-type-specific genes by extracellular signals released from a nearby cell population (Jessell and Melton, 1992; Slack, 1993; Gurdon and Bourillot, 2001) . These inductive events are essential to coordinate cell differentiation and morphogenesis.
The process of sporulation in the lower eukaryote Dictyostelium is an example of such induction and coordination. During culmination prestalk cells at the apex of the structure differentiate into stalk cells as they enter the stalk tube. The stalk tube goes throughout the prespore mass to the substratum and its elongation lifts prespore cells upwards. Only during mid-culmination as the prespore mass is being lifted halfway by the newly formed stalk, prespore cells terminally differentiate into spores (Escalante and Vicente, 2000) . The transition from prespore to mature spore implies the release of the contents of prespore vesicles, enclosing components of the spore coat that must be built outside the cell (Devine et al., 1983; West and Erdos, 1990) . Simultaneously, the expression of specific genes is activated, like the spore coat gene spiA. The expression of spiA is concomitant with encapsulation and has been considered a marker for terminal differentiation (Richardson et al., 1991; Richardson and Loomis, 1992) . All these events depend on the correct activation of the cyclic adenosine monophosphate (cAMP)-dependent protein kinase (PKA). Over-expression of the PKA catalytic subunit in prespore cells leads to the activation of spiA expression and precocious sporulation (Anjard et al., 1992; Hopper et al., 1993a,b; Mann et al., 1994; Richardson et al., 1991 Richardson et al., , 1994 . PKA activation through the exposure of cells to 8-Br-cAMP, a membrane-permeable derivative of cAMP, (Kay, 1989; Richardson et al., 1991; Maeda, 1992) . Conversely, expression of a dominant inhibitor of PKA impedes spore differentiation (Hopper et al., 1993b) . PKA activity depends on intracellular cAMP concentration that is regulated by a balance between synthesis and degradation. A signal transduction pathway leading to the activation of PKA during culmination has been proposed. Prestalk cells release a spore differentiation factor (SDF-2) at mid-culmination (Anjard et al., 1998a,b) . The response of the prespore cells to this peptide is dependent on DhkA, a histidine kinase receptor (Wang et al., 1996 (Wang et al., , 1999 . Genetic evidence suggests that DhkA inhibits the cAMP phosphodiesterase RegA, increasing cAMP levels with the consequent activation of PKA (Shaulsky et al., 1998; Wang et al., 1999) . Thus, mutations in the histidine kinase DhkA results in low levels of cAMP and therefore a block to sporulation (Wang et al., 1996) . Encapsulation of the spores mediated by SDF-2 is very rapid and does not involve de novo protein synthesis. Another peptide, SDF-1, has been shown to promote spore differentiation. The signal transduction pathways involved in SDF-1 response have not yet been characterized, but are known to be dependent on de novo protein synthesis (Anjard et al., 1998b) . Another phosphorelay pathway has been proposed to induce the phosphodiesterase activity of RegA. Mutations in the components of this pathway, RdeA and the histidine kinase DhkC, results in higher cAMP levels and therefore precocious sporulation Thomason et al., 1998 Thomason et al., , 1999b . The three adenylyl cyclases described in Dictyostelium are ACA, ACR and ACG. While ACA is highly active during aggregation its activity is not detected in the slug stage. ACR takes over the activity to supply cAMP from the slug stage to culmination Anjard et al., 2001 ). Finally, ACG activity is only detected in mature spores (Meima and Schaap, 1999) .
srfA codes a Dictyostelium MADS-box-containing protein homologue to the mammalian SRF, the Drosophila blistered protein and the yeast MCM1 (Shore and Sharrocks, 1995) . They are involved in cell-type differentiation processes. The mouse knockout showed a severe defect in mesoderm differentiation (Arsenian et al., 1998) . In Drosophila, SRF is required for tracheal and wing development (Affolter et al., 1994; Guillemin et al., 1996) and the yeast MCM1 is essential for mating-type determination (Herskowitz, 1989; Dolan and Fields, 1991) . In Dictyostelium, srfA plays a role in different aspects of development including spore differentiation. The knockout of srfA leads to abnormal spore morphology and loss of viability. Cellulose deposit is partially affected but, most importantly, the expression of the sporulation marker spiA is markedly reduced (Escalante and Sastre, 1998) . srfA displays a complex pattern of expression controlled by alternative promoters that are activated in different cell-types at different times during development (Escalante et al., 2001) . The correct spatial and temporal patterns of expression of srfA is essential for its different functions. The distal promoter region drives the expression of srfA in few scattered cells during early development, but it is strongly induced in the prespore region during culmination. When srfA is reexpressed in srfA 2 strains under the control of the distal promoter, spore differentiation and the expression of spiA are significantly restored (Escalante et al., 2001 ). These data suggested a possible relationship between srfA and PKA during sporulation.
Although the components involved in PKA regulation are being determined as described before, little is known about the molecular mechanisms that lie downstream of PKA to control cell-type specific gene expression during sporulation. In this report we show evidence that PKA mediates its effects, at least in part, by activating the gene expression of the MADS-box transcription factor SrfA in prespore cells during culmination.
Results

Overexpression of PKA-C in srfA
2 cells
The overexpression of the catalytic subunit of PKA renders the kinase, constitutively active resulting in a phenotype characterized by precocious sporulation (Anjard et al., 1992) . This overexpression has been shown to bypass the block to sporulation caused by the disruption of genes directly upstream of PKA in the signal transduction pathway that leads to spore differentiation (Wang et al., 1999) . We disrupted srfA by homologous recombination in the pkaC overexpressing strain KP (Anjard et al., 1992) . As shown in Fig. 1A srfA 2 /KP displayed the same morphology as the parental strain when developed on filters or over bacteria lawns. However, the spore morphology and spore viability were profoundly affected and reflected the phenotype observed previously in srfA 2 strains (Escalante and Sastre, 1998) . The pattern of expression of the spore marker spiA has been determined by Northern blot (Fig. 1B) . spiA was precociously expressed in the strain KP, as expected. High levels of expression can be detected at 13 h of development as compared to WT, where the expression was only detected after 20 h. The level of spiA expression was reduced in the strain srfA 2 /KP although this level was slightly higher than detected in srfA 2 . Previous experiments are consistent with these observations, since they have shown that 8-Br-cAMP was not able to bypass the morphological defects of srfA 2 mutant spores (Escalante and Sastre, 1998) . Together, these data suggest that srfA functions either downstream of PKA or in a parallel pathway that is essential for spore maturation.
8-Br-cAMP induces srfA expression
To further study the relationship with PKA, we wanted to test the possibility that PKA regulates srfA at the level of transcription. This possibility would be in agreement with the results shown before and was also supported by previous observations on the pattern of srfA expression (Escalante et al., 2001) . srfA distal promoter region P(3 1 4) was shown to be responsible for srfA expression in prespore cells during culmination. This expression is essential for srfA to accomplish its role in spore differentiation (Escalante et al., 2001) . Before culmination this promoter is active in a few scattered cells throughout the structure. Interestingly, during early culmination, a slight gradient of expression can be sometimes observed in the sorus. This is reminiscent of the gradient described previously for spiA expression although it is much less evident . A strain carrying lacZ reporter under the control of the promoter region P(3 1 4) was developed on filters to the finger stage (Fig. 2) . A portion of the filter was deposited over a new pad saturated with 40 mM 8-Br-cAMP to activate PKA. After 3 h, the structures were stained to detect b-galactosidase activity. As shown in Fig. 2 , the expression of the promoter was strongly and precociously induced in prespore cells by PKA activation (panels C and D). The samples that were not exposed to 8-Br-cAMP showed the previously described staining in scattered cells (panel B). In some instances, as shown in panel D, the staining is also evident in mounds. The pattern observed during normal development is shown for comparison ( Fig. 2A) .
srfA expression is precociously induced in the strain KP
The patterns of expression of srfA and spiA were compared between WT and the pkaC overexpressing strain KP to determine whether an activated PKA results in higher levels of srfA expression, as would be expected by the results shown before. Indeed, the precocious expression of spiA in KP correlated with a strong induction of srfA mRNA levels (Fig. 3) . Those high levels were only reached during culmination in WT. The prestalk-specific marker ecmB and the prespore specific marker psA were included in the analysis. The precocious expression of ecmB (i.e. only expressed Fig. 2 . 8-Br-cAMP induction of srfA promoter. Dictyostelium strain transformed with a LacZ expression vector driven by the srfA promoter region p(3 1 4) was developed to the finger stage. Part of the filter was incubated with 8-Br-cAMP to induce PKA activity (panels C and D), the other part was used as a control without 8-Br-cAMP (panel B). After 3 h, both filters were stained to detect b-galactosidase. The color reaction were allowed for the same period of time and counter-stained with eosin. Arrows indicate the tip of finger-like structures. Panel A shows the normal pattern of expression during culmination (21 h of development). Bars: 0.2 mm. Fig. 3 . Gene expression in KP strain. Similar amounts of RNAs purified from structures at different times of development were analyzed by Northern blot to detect the expression of srfA, the spore-specific marker spiA, the prestalk/stalk-specific marker ecmB and the prespore specific marker psA. during culmination in WT) reflects the rapid developing phenotype of the strain KP. Interestingly, the level of expression of psA was reduced as compared with WT. This might be due to the rapid transition from prespore to spore that gives no time to develop a stable prespore stage. In fact, the temporal patterns of spiA and psA expression overlap in KP, while there is a temporal window of 6 h between the onset of psA and spiA expressions in WT.
Pattern of srfA expression in the strain acrA
2
ACR is the adenylyl cyclase that appears to account for the cAMP synthesized during culmination. In the absence of this enzyme PKA is expected to be under-activated (Anjard et al., 2001 ). The expression of prespore specific genes is not affected in acrA 2 suggesting that ACR, as well as SrfA, are required at later stages of spore maturation. We wanted to determine if the low level of PKA activity correlates with a low level of srfA expression in this strain. The Northernblot analysis shown in Fig. 4 is consistent with this idea since a low level of expression was detected for both spiA and srfA genes. To study this in some more detail we transformed acrA 2 with the expression vector carrying the reporter lacZ under the control of the srfA P(3 1 4) promoter region (Fig. 5) . As expected, lacZ staining was not detected in the sorus of mid-culminants as it is observed in WT (compare panels A from Figs. 2 and 5). However, the expression was clearly activated at late culmination that happens after more than 28 h of development in this strain, as shown in Fig. 5 , panels B and C. This delay in srfA expression might reflect the absence of PKA activation during early-and mid-culmination due to the low levels of cAMP in acrA 2 . In order to determine if srfA expression was inducible precociously in acrA 2 , we treated finger structures with 8-Br-cAMP (Fig. 5, panels D and E) . After 3 h of treatment, the prespore regions of finger-like structures were stained, as shown in panel E.
Discussion
Regulation of PKA activity during culmination is essential to coordinate spore differentiation with morphogenesis. Both the synthesis and degradation of cAMP are regulated so that any disturbance in these pathways leads either to precocious sporulation (when PKA is over-activated) or a block to sporulation (when PKA is under-activated). The precocious sporulation induced by overexpression of the PKA catalytic subunit in the strain KP is accompanied by precocious expression of srfA and spiA. The patterns of other cell-type-specific markers like the prestalk/stalk gene ecmB and the prespore gene psA confirm the expected activation of PKA. Strong ecmB expression takes place at the core of the prestalk region during culmination as the cells enter the stalk tube to differentiate into stalk cells. Moreover, stalk differentiation can be achieved in vitro by PKA activation with 8-Br-cAMP in the presence of DIF-1 (Thomason et al., 1999a) . Thus, precocious expression of ecmB is also an indication of premature terminal differentiation of stalk cells in this strain.
srfA expression is induced in the spores by mid-culmination and this expression is dependent on the distal promoter region P (3 1 4) . We have shown that this expression can be precociously induced in prespore cells by artificial activation of PKA with 8-Br-cAMP. As occurs during normal culmination, the expression of srfA and spiA are coordinated while the spores encapsulate. The pattern of expression of srfA in a strain in which PKA is over-activated (KP) or under-activated during culmination (acrA 2 ) shows a strong correlation between PKA activity and srfA expression that is consisted with the idea of PKA regulating the expression of this transcription factor. All together, these results suggest a model, as shown in Fig. 6 , in which the activation of PKA during early culmination leads to the induction of srfA expression in the prespore cells. The only result in apparent discrepancy with this scenario is the induction of srfA expression in late acrA 2 culminates since ACR appears to be the adenylyl cyclase that supplies cAMP at this stage of development Anjard et al., 2001 ). This might be explained by the overlapping activity of ACG whose expression has been detected in acrA 2 despite the lack of fully differentiated spores (Alvarez-Curto et al., 2001) . Alternatively, another unknown adenylyl cyclase might be involved or perhaps PKA can be activated in a way that is independent of cAMP. The mechanism by which PKA activates the expression of srfA remains to be determined, but probably involves a transcription factor that binds to srfA distal promoter. We cannot exclude the possibility of additional post-transcriptional modifications in the activation of srfA since the activity of homologous factors has been shown to be regulated by extracellular signals through phosphorylation cascades, both in vertebrates and yeast. However, no consensus sequence for PKA phosphorylation has been found in the sequence of SrfA.
SrfA is a putative transcription factor necessary for the expression of a set of spore-specific genes, including spiA, that are essential for complete maturation of the spores. We have isolated five additional SrfA-dependent genes in a differential screening between WT and srfA 2 mRNAs expressed at late culmination (unpublished results). The expression of these genes is nearly undetectable in srfA 2 . SrfA might regulate the expression of these genes by a direct interaction with their promoters or alternatively it could regulate the expression of other transcription factors. The Fig. 6 . Model of signaling pathways leading to sporulation. Activation of cAMP-dependent PKA during culmination depends on the level of cAMP synthesis and degradation. The adenylyl cyclase acrA (ACR) appears to be the most relevant at this stage of development, but the activity of ACG might also supply cAMP during late culmination. The inhibition of the cAMP phosphodiesterase RegA plays a key role in PKA regulation. The signal transduction pathway that regulates RegA activity is not included for simplicity. The activation of PKA leads to the induction of srfA expression in the prespore cells. SrfA is a transcription factor essential for the normal expression of several spore specific genes, such as spiA.
lapse of time between the induction of the expression of srfA and spiA is approximately 2 h, enough time to accommodate both possibilities. The study of the promoters of SrfAdependent genes might solve this aspect in the future. The functional relevance of the SrfA-dependent gene expression at culmination is indicated by the strong phenotype of srfA 2 spores. This phenotype must be the consequence of the low level of expression of several genes that might be involved in different functions. SpiA, for example, is involved in the stability of the spores, although the spore morphology is indistinguishable from that of wild type.
It appears that srfA is necessary but not sufficient for spore gene expression. Transformants containing srfA under the control of the prespore promoter cotB rescue sporulation in srfA 2 strain (Escalante et al., 2001 ). However, this construct does not restore the sporulation defects in acrA 2 (data not shown). Thus, it appears that the defective expression of srfA in acrA 2 alone does not explain the abnormal spore differentiation. Moreover, Anjard et al. (2001) showed that PKA activation by overexpression of the catalytic subunit was not able to rescue sporulation of acrA 2 suggesting that cAMP might be required for spore differentiation even if PKA activity is high. Furthermore, the precocious expression of srfA by the prespore promoter cotB does not result in precocious expression of spiA in prespore cells (data not shown).
In summary, the regulation of the temporal and spatial pattern of srfA expression, mediated by PKA activation, appears to be a part of an essential mechanism for the correct coordination of gene expression and morphogenesis in Dictyostelium.
Experimental procedures
4.1. Cells, growth, transformation and development Dictyostelium strains AX4, KP (strain that overexpresses the PKA catalytic subunit) and acrA 2 were grown axenically in HL5 medium (Sussman, 1987) with the appropriate antibiotics. KP was grown in the presence of 20 mg/ml G418 and acrA 2 in the presence of 5 mg/ml of blasticidine. Transformations were carried out as described by Pang et al., 1999 . Typically, a transformation yielded between 500 and 1000 independent foci of G418-resistant cells. Ten days after electroporation, all the cells were recovered from the plate and serial dilutions of a fraction of this pool were plated in SM plates in association with the bacterium Klebsiella aerogenes for clonal isolation (Sussman, 1987) . Filter development was performed according to Shaulsky and Loomis (1993) .
b -Galactosidase staining
Cells carrying lacZ reporter constructs were developed on filters and fixed for 10 min with 3.7% formaldehyde in Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , pH 7.0). The structures were permeabilized with 0.1% NP-40 in Z buffer for 15 min and incubated with buffer Z containing 1 mM X-gal, 5 mM K 3 Fe(CN) 6 and 5 mM K 4 Fe(CN) 6 . Samples were counter-stained with 0.02% eosin.
8-Br-cAMP induction
Structures were developed to the finger stage on nitrocellulose filter over paper pads soaked with PDF (20 mM KCl, 5 mM MgCl 2 ·6H 2 O, 9 mM K 2 HPO 4 , 13 mM KH 2 PO 4 , 0.5 g/ l streptomycin sulfate, pH 6.4). Half of the filters were transferred to a new filter pad containing PDF supplemented with 40 mM 8-Br-cAMP, as described by Richardson et al. (1994) . After 3 h the structures were stained for the same period of time until the color was developed as described before.
srfA knockout in KP strain
We have used the knockout vector that was described previously by Escalante and Sastre (1998) . After transformation and blasticidine selection KP transformants were screened for homologous recombination by PCR and the lack of srfA expression was confirmed by Northern blot. The analysis of the phenotype and spore viability were performed as described previously by Escalante and Sastre (1998) .
